We demonstrate compact optical wavelength conversion architecture for picosecond laser pulses and data streams within photonic band gap waveguides. These multimode waveguides are seeded with resonantly driven, inhomogeneously broadened, distributions of quantum dots whose optical transition center frequency is placed near a sharp discontinuity in the local ͑electromagnetic͒ density of states ͑LDOS͒. This discontinuity is provided by a cutoff in one of the waveguide modes. Wavelength conversion of an optical pulse propagating in the single-mode spectral range of the waveguide, near the LDOS jump, is provided by a steady-state holding field with frequency matched to the center frequency of the quantum dot distribution. In the absence of an incident laser pulse, the holding field is absorbed by the quantum dots. When the incident pulse intensity is sufficient to cause population inversion of a suitable fraction of the quantum dots, the holding field is amplified and the incident pulse profile is imprinted on to the holding field, leading to wavelength conversion in the range of 3-20 nm at wavelengths near 1.5 m. Larger wavelength shifts typically require higher power levels for operation ͑milliwatt scale͒ but enable conversion of shorter ͑picosecond͒ pulses. Small wavelength shifts typically require narrower distribution of quantum dot resonance frequencies. Using finite-difference timedomain simulations, we show that an optical pulse ͑Gaussian in time͒ can create another equivalent optical pulse with either higher or lower center frequency inside the photonic band gap of the structure. Optical pulses of a given center frequency can also be selectively amplified or absorbed depending on the coincident arrival of another laser pulse with different center frequency, enabling all-optical logic operations within a multiwavelength-channel optical circuit.
I. INTRODUCTION
Photonic band gap ͑PBG͒ materials ͓1,2͔ are artificial periodically microstructured dielectrics that facilitate the trapping and localization of light ͓3͔. Nonlinear photonic crystal ͑PC͒ waveguides are attractive owing to their fast optical response and low optical power requirements. They offer an opportunity to create compact all-optical switches that can be integrated into an optical microchip ͓4-10͔ and provide a novel basis for all-optical information processing. In contrast to present day's electronic computing operating with only a single channel of information in a current path, the PBG waveguide can conduct many different wavelength channels of information simultaneously. All-optical circuits and integrated logic devices may require the interconversion of data streams between different frequency channels. All-optical wavelength conversion in nonlinear photonic crystals is a subject of intensive investigation today ͓11-15͔. In this paper, we describe a method for wavelength conversion inside photonic crystal waveguides seeded with resonant quantum dots. Our numerical simulations show that one short laser pulse ͑with temporal duration on the order of a picosecond͒ can induce a new optical pulse of the same shape but with different central frequency through coherent optical interaction with the quantum dots. With appropriately chosen waveguide architecture and quantum dot transition frequencies, this device can either raise or lower the central wavelength of a picosecond scale pulse, without pulse distortion, by up to 20 nm for pulses centered near 1.5 m.
We also identify fundamental trade-offs involving the stochasticity in position and sizes of quantum dots ͑inhomoge-neous broadening͒, the extent of the wavelength shift achieved, and the power levels required for wavelength conversion. In general small amount of inhomogeneous broadening ͑ϳ1%͒ is advantageous and provides bandwidth in the gain spectrum for converting ultrashort ͑picosecond͒ pulses.
Such a distribution of quantum dots leads to about 20 nm wavelength shift between input and output pulses using milliwatt power optical holding field. When the inhomogeneous broadening is larger then 1% shorter pulses can be converted, but higher power levels are required and minimum possible wavelength shift is increased.
II. WAVEGUIDE ARCHITECTURES FOR WAVELENGTH CONVERSION
In order to demonstrate frequency conversion in photonic crystal waveguides, we choose an idealized two-dimensional ͑2D͒ structure consisting of a square lattice ͑lattice constant a͒ of dielectric rods made of GaAs ͑⑀ r =9͒ with radius r = 0.3a, embedded in air. This structure has a band gap for the transverse magnetic ͑TM͒ -polarized light between min = 0.265͑2c / a͒ and max = 0.335͑2c / a͒, where c is speed of light in vacuum. In order to achieve Q-dot switching through resonance fluorescence in photonic band gap waveguides we introduce specific waveguide architectures that provide large jump discontinuities in the local electromagnetic density of states inside the PBG. We present four examples of multimode waveguide architectures ͑shown in Figs. 1-8͒ suitable for optical switching using resonance fluorescence. They consist of 2D dielectric square lattices * dvujic@physics.utoronto.ca containing multimode waveguides. In a real threedimensional ͑3D͒ system, the idealized 2D PC is replaced with a thin 2D PC layer, sandwiched by 3D PBG material above and below ͓16͔. This prevents light propagation in the vertical direction perpendicular to the 2D plane and also provides a large jump in the 3D electromagnetic density of states ͓8͔.
Architecture 1 ͑Fig. 1͒ consists of changing the radius of the dielectric rods in three adjacent lines from r = 0.3a to r = 0.225a. The two outer lines of reduced dielectric rods are shifted toward the middle by 5.5a / 30 in order to increase the group velocity of the signal. This architecture provides a large jump in the local density of states ͑LDOS͒ at the position of reduced dielectric rods in two outer defect lines ͑gray circles in Fig. 1͒ where the quantum dots are located. Quantum dot resonance frequencies are normally distributed around the central atomic transition frequency ͓ A = 0.285͑2c / a͔͒ with full width at half maximum ͑FWHM͒ of 0.5%. Above the cutoff frequency of mode 2 ͓ cutoff = 0.2798͑2c / a͔͒, we have a single-mode waveguide suitable for signal pulse propagation ͑see Fig. 2͒ . The group velocity of the single mode 1 near the cutoff frequency is 0.16c. Architecture 1 enables the generation of a signal pulse with higher central frequency than the driving field center frequency. Accordingly, we refer to architecture 1 as a frequency up-conversion switch.
The waveguide of architecture 2 ͑see Fig. 3͒ is made by exchanging one line of dielectric rods with two thin dielectric strips. The thickness of each dielectric strip is 0.17a and they are separated from each other by 0.59a. This architecture provides the dispersion curves shown in Fig. 4 . We use this architecture to generate a signal pulse with lower center frequency than the driving field center frequency. Accord- Fig. 1 , calculated at resolution of 30 points per lattice constant, using FDTD method. ͑a͒ Propagation mode ͑mode 1͒ allows the system to receive and transmit ultrafast pulses ͑v g Ӎ 0.16c͒ and ͑b͒ cutoff mode ͑mode 2͒ provides a large jump of the local density of states around cutoff frequency ͓ cutoff = 0.2798͑2c / a͔͒. A schematic representation of the LDOS generated inside the waveguide and the relevant frequencies for resonance fluorescence are shown in the inset. Fig. 3 . Mode 2 provides a large jump in the local density of states around cutoff frequency ͓ cutoff = 0.2834͑2c / a͔͒, while mode 1 allows fast light propagation ͑with group velocity of v g Ӎ 0.2c͒ in the single-mode frequency domain below cutoff frequency of mode 2. The inset depicts the LDOS generated inside the waveguide in the vicinity of cutoff frequency relevant to resonance fluorescence.
ingly, we will refer to architecture 2 as a frequency downconversion switch. In the single-mode frequency region of mode 1 between min and cutoff ͑see Fig. 4͒ , the group velocity is v g Ӎ 0.2c. This allows fast signal pulse propagation. Mode 2, with cutoff frequency cutoff = 0.2834͑2c / a͒, provides a large jump in the local density of state needed for quantum dot switching through resonance fluorescence ͓10͔. Dielectric strips are seeded with quantum dots with resonance frequencies normally distributed with FWHM of 0.5%. The gray color of the dielectric strips in Fig. 3 is chosen to highlight the location of the quantum dots.
In architecture 3, the waveguide consists of exchanging dielectric rods along one line of the 2D PC layer with a periodically patterned dielectric strip ͑see Fig. 5͒ . The thickness of the strip is 0.425a and it is patterned with air cylinders of radius r = 0.175a ͑see Fig. 5͒ . These air cylinders are displaced along the waveguide axis by a / 2 relative to the dielectric rods of the background PC layer. The dielectric strip is seeded with quantum dots with resonance frequencies normally distributed around A = 0.3125͑2c / a͒ with FWHM of 0.7%. Dispersion lines of this multimode waveguide, calculated by finite-difference time-domain ͑FDTD͒ method with resolution of 30 points per lattice constant, are shown in Fig. 6 . The propagation mode 1 has high group velocity of v g Ӎ 0.32c, enabling ultrafast signal pulse propagation. The other two modes have cutoff frequencies at 0.3072͑2c / a͒ ͑mode 2͒ and 0.3180͑2c / a͒ ͑mode 3͒. Cutoff frequencies of these two modes bound the narrow singlemode frequency domain of the waveguide from above and below. Large jumps of the electromagnetic LDOS occur at both bounding frequencies as shown in the inset of Fig. 6 . Architecture 3 has LDOS jumps on both sides of the quantum dot transition frequencies and can be used for either up-conversion or down-conversion switching.
Architecture 4 is small variation of architecture 3 where we simply omit the small air cylinders from the dielectric FIG. 5 . Architecture 3. This wavelength converter consists of a 2D layer ͑embedded within a 3D heterostructure͒, made of dielectric rods ͑n =3͒ with radius 0.3a. A multimode waveguide is made by omitting one line of dielectric rods, and including a 0.425a thick dielectric strip containing air hole with radius r = 0.175a. Air holes are centered in the middle between two dielectric rods of original structure. strip in order to simplify fabrication. We also reduce the thickness of the solid strip to 0.3a. This architecture provides large jump of the local electromagnetic density of states at the cutoff frequency of mode 2 ͓ cutoff = 0.289͑2c / a͔͒. Ultrafast light pulse propagation is considered in mode 1 ͑propagating mode͒ at frequencies below cutoff . We use this architecture to demonstrate wavelength conversion with smaller wavelength shift of around 3 nm. To achieve such a small frequency shift, we must seed the dielectric strip with nearly identical quantum dots with very narrowly distributed resonances ͑FWHM= 0.05%͒ around the central transition frequency ͓ A = 0.287 95͑2c / a͔͒.
III. QUANTUM DOT RESPONSE TO DRIVING AND SIGNAL FIELDS
The quasi-steady-state response of the quantum dots inside a PC waveguide has been discussed in detail elsewhere ͓9,10͔. We recapitulate only the main results here. A collection of two-level atomic systems in the vicinity of the large jump of the LDOS, driven by a strong enough laser field, can be described by a real time-dependent susceptibility ͑1͒ ͑x,y,t͒ = Ae
where N is average number of quantum dots per unit volume, ⑀ 0 is the permittivity of free space, ប is the Planck constant, is average dipole transition matrix element of the Q dots, and T 2 =1/ ␥ p is dephasing time arising from phonon interactions. Equation ͑1͒ describes the nonlinear response of the Q dots to a cw laser field with Rabi frequency ⍀ ͑as defined below͒. However, Eq. ͑1͒ only describes the linear response to an additional weak signal pulse ͑the optical pulse that we wish to up convert or down convert in frequency͒. Strictly speaking, Eq. ͑1͒ describes the steadystate susceptibility of the Q dots. In what follows, we extrapolate this response to moderately short ͑picosecond͒ pulses. A more precise description of both nonlinearity and the dynamics requires evaluation of the dynamical response of the Q-dot Bloch vector. This more precise formulation in fact reveals ͓17͔ an even more dramatic and robust switching effect that is not apparent in the present quasi-steady-state linearized response.
For illustration purposes, we chose realistic values = 1.09ϫ 10 −28 C m ͓18,19͔ and T 2 =2 ns ͓20-24͔, corresponding to InGaAs/GaAs and InAs/InGaAs quantum dots at very low temperatures. The generalized Rabi frequency, ⍀͑x , y , t͒ = ͓͑ In order to investigate light propagation through our PC waveguides we solve the coupled equations for optical signal propagation and quantum dot response. By employing a piecewise linear recursive convolution approach ͓26,27͔ we solve Maxwell's equations ͓Eq. ͑2a͒-͑2d͔͒ in the 2D PC waveguide, for the TM-polarized light. Since the optical pulse and cw laser fields are well separated in frequency, we use two sets of Maxwell's equations with superscripts s for signal field and d for driving field in order to determine propagation characteristics of both beams,
Here, ͑1͒ ͑x , y , ͒ is the total susceptibility of the ensemble of Q dots given by Eq. ͑1͒, within the dielectric material seeded with quantum dots and zero outside nonlinear area, 0 is the permeability of free space, and ⑀ r ͑x , y͒ is the dielectric constant of the undoped photonic crystal rods ͑for GaAs ⑀ r = 9.0͒.
In order to estimate overall power levels in a PC waveguide in a realistic 3D architecture we assume uniform light distribution in the third dimension ͑orthogonal on light propagation͒ inside 0.3a thick 2D PC layer and zero light intensity above and below.
IV. NUMERICAL SIMULATION OF TRANSMISSION SPECTRA
As a first set of numerical experiments, we calculate steady-state transmission power spectrum,
using a continuous wave as the driving field for all architectures. To this end, we place our source at the middle of the input port of the PC waveguide. In our numerical simulations an absorber is placed all around the computational domain in order to prohibit unwanted reflections. We measure frequency dependent power by placing two line detectors across the waveguide in front of and behind the nonlinear part of the waveguide. The input power spectrum is denoted by P in ͑͒, while P out ͑͒ denotes output power spectrum. In the low driving field power regime, the quantum dots provide absorption over the bandwidth of the quantum dot distribution ͑curve 1 in Fig. 9͒ . By increasing the cw power, more and more quantum dots undergo the transition from an absorbing to an amplifying state as evidenced by subsequent transmission spectra presented in Fig. 9 . Higher powers provide higher amplification, but very high powers also change the dispersive properties of the waveguide.
In Fig. 10 , we present the steady-state power transmission spectrum for optical waves propagating through ͑a 20 unit cell long active region͒ architecture 2 ͑left panel͒ and architecture 1 ͑right panel͒. Both waveguides are seeded with the same type of quantum dots ͑parameters chosen for InGaAs/ GaAs or InAs/InGaAs quantum dots͒ normally distributed ͑with FWHM of 0.5%͒ around central atomic transition frequencies A = 0.285͑2c / a͒ in architecture 1 and A = 0.278 05͑2c / a͒ in architecture 2. In order to obtain peak amplification by a factor of 3 in both devices, we seeded them with N = 6.7ϫ 10 4 dots/ ͑m͒ 3 inside outer two lines of reduced dielectric rods in architecture 1 ͑see gray area in Fig.  1͒ and inside dielectric strips of architecture 2 ͑see gray area in Fig. 3͒ . The average dot center to dot center distance in this case is around 30 nm in horizontal direction and around 17 nm in vertical dimension. It is important to note that the both devices are controlled with the same continuous wave driving powers of 1.18 mW in the amplifying regime and 0.0 mW in absorbing regime, oscillating at d = 0.2815͑2c / a͒. This power provides large amplification of the signal field ͑see Fig. 10͒ centered at 0.277 85͑2c / a͒ in architecture 2 and centered at 0.2852͑2c / a͒ in architecture 1. Our power estimate is based on a more realistic 0.3a thick 2D PC layer sandwiched by a 3D PBG structure ͓8,10,16͔.
The transmission spectrum of ͑20 unit cell long nonlinear part͒ architecture 3 waveguide is shown in Fig. 11 . We use the same quantum dot parameters as in previous two architectures, but this time with resonance frequency distribution of 0.7%, around central transition frequency A = 0.3125͑2c / a͒. Quantum dots are located inside the dielectric strip ͑see gray area in Fig. 5͒ with concentration of N = 6.0ϫ 10 4 dots/ ͑m͒ 3 . In the low driving intensity regime, all quantum dots are absorbing and the transmission spectrum mirrors the quantum dot distribution profile ͑lower curve in Fig. 11͒ . In the amplifying regime we consider two separate variations in the switching device. In both variations, amplification regime is established using cw driving power of 2.36 mW ͑estimated for a 0.3a thick 2D PC layer sandwiched by 3D PBG materials͒. In the first variation, the driving field frequency is d = 0.309͑2c / a͒ and the trans- mission spectrum is given by the upper solid line in Fig. 11 . In the second variation ͑dashed line in Fig. 11͒ the driving field oscillates at d = 0.316͑2c / a͒. Both transmission spectra are centered around the same frequency ͓Q-dot line center A = 0.3125͑2c / a͔͒. This allows amplification of the same signal beam oscillating at s = A = 0.3125͑2c / a͒, with driving fields on either side of the signal pulse center frequency.
V. NUMERICAL SIMULATION OF PULSE WAVELENGTH CONVERSION
We now consider frequency conversion in ͑20 unit cell long active region͒ the PC waveguides of Figs. 1, 3 , and 5. We launch a high intensity laser pulse ͑Gaussian in time with temporal duration of 2 ps͒ ͓28͔, in the presence of another low intensity cw optical field, at the input port of each waveguide. We measured time-dependent power profiles of both fields at input and output ports of the waveguides. The power of the high intensity laser pulse ͑driving field͒ is assumed uniform in the out-of-plane direction over a 0.3a thick 2D layer in order to simulate the behavior of a device embedded in a 2D-3D PBG heterostructure ͓8,29͔. The low intensity signal field is given in arbitrary units. Our numerical studies demonstrate that a high intensity laser pulse entering the waveguide can create new optical pulse in the output port of the waveguide with new central frequency determined by the cw field. Frequencies of the incoming high intensity pulse ͑driving field͒ and the output frequency-converted optical pulse depend on the waveguide architecture, detuning between quantum dots and driving pulse, and distribution of quantum dots in the spatial and frequency domains. This flexibility may prove attractive for applications in optical communications and optical computing. We now present detailed numerical results for our frequency conversion devices.
In architecture 2 ͑see Fig. 3͒ , we seed quantum dots in the single-mode domain below the cutoff frequency of mode 2 ͑see Fig. 4͒ , with inhomogeneously broadened line center A = 0.278 05͑2c / a͒. Slightly below the transition center frequency of quantum dots, we place one low intensity cw laser beam oscillating at the frequency s = 0.277 85͑2c / a͒, where the transmission of the device is maximum ͑see Fig. 10͒ . The cw beam oscillates at a frequency within the bandwidth of the quantum dot distribution. Therefore, in the absence of the driving pulse, the cw field is absorbed and completely attenuated when it reaches the output port of the waveguide ͓see Fig. 10 ͑left͒ and Fig. 12͔ . We switch the system with one high intensity laser pulse, oscillating at frequency d = 0.2815͑2c / a͒ in the single-mode region of the multimode waveguide, located between the cutoff frequency and atomic central transition frequency. This provides a contrast in the LDOS experienced by the two Mollow sidebands produced by the driving pulse. As the power of the driving field increases and decreases gradually, individual atomic dipoles undergo switching from absorbing to amplifying and back to absorbing behavior. This imprints the driving field profile onto the output signal field ͑see Fig.  12͒ with lower central frequency. This device acts as a downconversion switch.
In contrast to architecture 2, architecture 1 has singlemode frequency domain above the cutoff frequency of mode 2 ͑see Fig. 2͒ and a bimodal domain with high LDOS below the cutoff frequency. Architecture 1 has lower cutoff frequency than architecture 2 by 0.0036͑2c / a͒. This enables a single driving field to control both architectures if they both were to be placed in a PBG circuit. For both architectures we distribute quantum dots around A = 0.285͑2c / a͒ with FWHM of 0.5%. In the input port of the waveguide, architecture 1 has a steady-state low intensity laser field oscillating at 0.2852͑2c / a͒ ͑slightly above central atomic transition frequency͒, with no output due to absorption. If we launch high intensity laser pulse in architecture 1, it will create optical pulse except with higher central frequency ͓see Fig. 10 ͑right͒ and Fig. 12͔ . This is the up-conversion switch. Both architectures 1 and 2 support identical input driving pulses and can be integrated within a single PBG optical circuit. In this tandem operation, pulses within a given circuit path can be either up-converted or down-converted and possibly amplified or simply attenuated. Up conversion followed by subsequent down conversion also enables the cascaded operation of a series of all-optical transistors whose primary input and output signal pulses are at a single frequency. Altogether, this provides the opportunity to engineer multivalued optical logic systems based on multiwavelength-channel microtransistors.
The dispersive properties ͑see Fig. 6͒ of the waveguide in architecture 3 ͑Fig. 5͒ are qualitatively different from architecture 2 and architecture 1. Architecture 3 has two bimodal frequency domains and one single-mode frequency domain in between. We center the quantum dot resonances ͓ A = 0.3125͑2c / a͔͒ half-way between two mode cutoff frequencies and assume an inhomogeneously broadened distribution with FWHM of 0.7%. The frequency of the low intensity cw laser field in architecture 3 is chosen to be the same as the central atomic transition frequency s = A ͑Color online͒ Incident and transmitted time-dependent powers of the high intensity laser pulse ͑driving field͒, Gaussian in time, with temporal duration of 2 ps and central frequency of 0.2815͑2c / a͒ ͑curves 1 and 2, respectively͒, and low intensity signal field ͑curve 3͒ propagating through architecture 2 ͑Fig. 3͒. The signal field has the form of cw beam oscillating at 0.277 85͑2c / a͒ in the input port of the down-conversion switch and appears as a pulse ͑curve 4͒ in the output port of the waveguide. Essentially the same picture is observed if the signal field is replaced by a cw beam oscillating at 0.2852 ͑2c / a͒ at the input port in the up-conversion switch of architecture 1 ͑Fig. 1͒. = 0.3125͑2c / a͒. This beam is absorbed in the absence of an input driving pulse. One incoming high intensity laser pulse, with peak power of 2.36 mW, can stimulate the system to create a new output pulse with center frequency equal to the central quantum dot transition frequency ͑see Figs. 11, 13, and 14͒. But this device offers a freedom to choose one of the two driving field frequencies d = 0.316͑2c / a͒ or d = 0.309͑2c / a͒ in order to create the same output signal pulse. This provides the possibility of a logical OR gate if the intensity of driving pulses entering from either input wavelength channel was sufficiently large to invert the Q-dot distribution. Alternatively, if the intensity of individual driving pulses is below threshold for inversion, the simultaneously arrival of two driving pulses could invert the Q-dot distribution and architecture 3 could act as an AND gate. A more detailed picture of multiple-beam interactions with Q dots is required to describe these applications more precisely ͓17͔.
The wavelength conversion described in the above examples involved moderate wavelength shifts of around 17 nm in architecture 3 and around 20 nm in architectures 1 and 2. We utilize architecture 4 to demonstrate the conditions under which a much smaller degree of wavelength conversion ͑3 nm͒ is feasible. To this end we seed the dielectric strip presented in Fig. 7 with nearly identical quantum dots ͑FWHM is 0.05%͒ at A = 0.287 95͑2c / a͒. Using this narrow distribution of quantum dots we achieve the required magnitude of response with a low concentration of quantum dots, N QD = 0.55ϫ 10 4 dots/ ͑m͒ 3 . The dots are driven with one high intensity laser pulse with temporal duration of around 10 ps ͑suitable for application in optical telecommunication͒ and peak power of only 58 W, oscillating at d = 0.288 55͑2c / a͒. This input pulse imprints its profile onto the otherwise absorbed cw field, giving a new pulse oscillating at output signal frequency p = 0.287 91͑2c / a͒ ͑see Fig. 15͒ , with temporal duration of 7.5 ps.
A very narrow distribution of Q dots was required in architecture 4 to separate the Q-dot resonance frequencies from the driving pulse frequency spectrum. Otherwise the driving field would simply be absorbed or amplified and device would fail. Due to the more narrow transmission spectrum of this device, it is necessary to use signal pulses with longer temporal duration. For small wavelength shifts, we use a low Q-dot density in order to limit the nonlinear response and prevent nonlinear mixing of nearby modes that make our device unstable. This limits the magnitude of the amplification possible in one short nonlinear waveguide. On the other hand, smaller wavelength shift ͑smaller detuning between driving and signal fields͒ requires smaller driving field power ͑compare Fig. 15 with Figs. 12-14͒. This illustrates a fundamental trade-off in our device. Larger wavelength shift ͑larger detuning between driving and signal fields͒ requires higher powers but allows broader Q-dot distributions. This facilitates frequency conversion of signal pulses with shorter temporal duration.
In our numerical illustrations, a very narrow quantum dot distribution was used in order to enhance the nonlinear re- define the driving field powers at the input and output ports, respectively. This pulse has Gaussian profile with temporal duration of 10 ps and peak power of 58 W. The low intensity signal field is a continuous wave ͑curve 3͒ at the input port of the waveguide, but in the output port of the waveguide signal field becomes a pulse ͑curve 4͒ with approximately Gaussian profile and temporal duration of around 7.5 ps.
sponse to allow our device to be very compact and to operate at low power levels. The synthesis of such precise structures is a major experimental challenge. We now discuss consequences of relaxing these stringent fabrication requirements and of using larger quantum dot distributions. If architecture 1 was to be seeded with quantum dots with four times larger FWHM ͑2%͒ than described above, we would need to increase the laser field detuning from the Q-dot line center by a factor of 4 as well. Consequently, a power of around 20 mW would be required, while the temporal pulse duration could be reduced to 0.5 ps. Although a larger distribution of quantum dot frequencies provides a wider transmission spectrum, it weakens the magnitude of the transmission spectrum. In other words, the contrast between absorption and amplification becomes smaller. In order to recapture the same amplification or absorption contrast, we would need around four times as many quantum dots. This can be achieved using the same quantum dot concentration, provided that the nonlinear waveguide is made four times as long ͑80 unit cells͒.
VI. CONCLUSIONS
In summary, we have demonstrated theoretically the possibility of on-chip optical wavelength conversion in photonic band gap microcircuits using waveguide engineering and precision placement of quantum dots. Our waveguide designs require the engineering of large jump discontinuities in the local electromagnetic density of states near the transition frequencies of an inhomogeneously broadened collection of quantum dots. In our model we utilized a steady-state optical susceptibility for quantum dot resonance fluorescence in which population switching occurs at a specific driving field intensity. A more detailed dynamical model, involving the Q-dot Bloch vector equations coupled to Maxwell's equations for pulse propagation, is needed to describe subpicosecond pulses and their wavelength conversion characteristics. In our quasi-steady-state model, we observe a fundamental balance between the magnitude of the pulse center frequency shift and width of the Q-dot inhomogeneous distribution. For a 20 nm wavelength shift a nearly 1% inhomogeneous linewidth is suitable. This provides sufficient bandwidth to process picosecond duration signal pulses. For a 3 nm wavelength shift, practically identical Q dots must be embedded in precise locations within the waveguide. The reduced operational bandwidth enables processing of pulses ͑without distortion͒ of duration 10 ps or longer. The operational power levels are also proportional to the bandwidth. Another important trade-off is between the degrees of precision in microfabrication of the overall size of the wavelength conversion device. A very precisely synthesized structure ͑small Q-dot inhomogeneous broadening͒ enables a more compact device. It is of considerable interest to extend our model to treat multiple pulses of different center frequencies arriving simultaneously to this wavelength conversion transistor. Such a generalization would enable a description of optical logic operations in a multiwavelength-channel photonic band gap circuit.
